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SILICA NANOPARTICLES PRODUCED BY THERMAL ARC PLASMA.
MODELLING
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The presented work summarises our results concerning the modelling of silica vapour-to-
silica nanoparticles generation in both forms - non-aggregated and aggregated, realised in a
thermal arc plasma set up. It is shown that some operating parameters, such as initial
temperature of the vapour and the vapour supersaturtion, play important role in the
mechanism of particle formation and growth, and in the structure of the produced particles,
respectively.
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1. Introduction

In the recent years the powders containing silica nanoparticles have been used in a lot of
applications as fillers (reinforcing agents for producing "green tires"), lubricants (tixopropic additions
for liquids), additions ("free-flow" agents for toners), silica based catalysts (molecular sieves), etc. [1-
3]. The various applications need powders with different structure, for example: for reinforcing agents
powders containing aggregates are suitable, for catalytic activity, on the contrary, unaggregated
powders are preferable. The structure depends on the method of powder production. The flame methods
that are conventionally used for silica nanopowders production usually produce large nanoparticle
structures- aggregates [4-6]. In [7, 8] we had shown that in a thermal arc plasma set up for
manufacturing of silica sand to silica nanopowders, there is an opportunity for generation of silica
nanoparticles in two forms - non-aggregated and aggregated. The study of the unique conditions
(thermal, hydrodynamic, kinetic etc.) in the plasma set up leads to a better understanding of the
processes for the nanoparticle synthesis. By moddling these processes, it is possible to get information
about the relation between the operating parameters and the particle structure.

The presented work summarises our results concerning the modelling of silica vapour-to-silica
nanoparticles generation in non-aggregated and aggregated form.

2. Modelling the processes carried out in thermal arc plasma set up
2.1. Vaporisation of silica sand
Argon plasma jets or direct arc are used in our stationary plasma furnace for the sand

vaporisation. The electric power of the arc is in the range 18-30 kW. The sand vaporisation is
combined with SiO, destruction to SIO and oxygen. Because of that it is suitable to use reductors,
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which bound the oxygen and shift the SiO, destruction process to the right side i.e increasing
vaporisation.

Experiments were made without and with use of reductor carbon during the sand vaporisation.
The experimental characteristics (specific surface area, mean surface diameter and median mean
diameter) of two samples of silica powders, obtained in two regimes were discussed [8]. The samples
were produced at the following initial mole ratios: SiO,:Ar: =1:1.4 and SIO,:Ar:C =1:14:1. It was
shown that the sample, produced with use of carbon contained aggregate structures.

To understand the conditions for the sand vaporisation in both experiments, in the present work
thermodynamic equilibrium calculations are made for the systems SiO,-Ar and SiO,-Ar-C. The
calculations concern temperature range 1500-3500 K and pressure 1 atmosphere. The standard
program is used for calculation of chemical equilibrium contents.

2.2. Silica vapour - to-silica nanoparticle conver sion

Silica vapour-to-silica nanoparticle conversion is carried out in plasma flow reactor (see the
diagram given in Fig. 1).
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Fig. 1. Diagram of the plasma flow reactor for silica nanoparticle production.

In the reactor the hot flow (silica vapour and plasma gas) coming from the plasma furnace
(vaporiser) is mixed with a cooling flow (O,). The codling flow, wth temperature of 300 K, enters the
reactor transversdly to the hot flow. The cooling gas is taken in a big excess to the silica vapour. The
initial ratios are SiO,:Ar:0,=1:1.4:10 and SiO,:Ar:C:0,=1:14:1:25, respectively. During the mixing
temperature variation of the flow is observed, chemical reactions between the components of the hot
flow and the cooling gas as well as, nanoparticle generation are carried out.

The modd of the processes in our aerosol flow reactor is developed previously [9]. It includes
the presentation of: the fluid dynamics; the thermal- and the mass- balances of the flow; the chemical
processes for nanoparticle precursor synthesis and the nanoparticle growth by free-molecular
coagulation.

Bdow are shown the equations presenting the fluid dynamics, the energy- and the mass
balances
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where: x is the axial co-ordinate; u is the veocity; p is the density; T is the temperature of the gas
mixture; T™ is the temperature of the mixing gas; p is the pressure; R is the gas constant; n is the
number of components; m, ¢;, H;, are the molecular mass, the volume concentration and the enthal py of
the i-th component, respectively; g, g™ are the source terms presenting the variation of the i-th
component quantity in unit volume in unit time due to chemical reactions and mixing, respectively.
Theterm g™, presenting the cooling gas (O,) variation, is approximated by the linear function

gnix(x) = ﬂx
02 X —

2

)

where x is axial co-ordinate ¢, - g;=1 is the full quantity of the mixing gas; X, - X; is equal to the
mixing length. It is known that the mixing length depends on the reactor diameter and on the diameter
and the place of the cooling gas orifice. This length for the mixing of transverse flows (as it isin our
case) is considered to be 3d [9].

The model considers the chemical reactions carried out between silica vapour (SIO) and
coaling gas (O5). In the cases when carbon is used for the sand vaporisation, reactions between CO and
O, areincluded too.

Thelist of reactionsis:

S0+0, (¥~ S0, +0 6)
SO+0+0, 0 - SO, +0, 9)
0+0+0, %~ 0,+0, (10)
CO+0, [T+~ CO,+0 (12)
CO+0+0Q, IF~ CO, +0, (12)

The reactions (8) and (9) lead to production of the precursor of silica nanoparticles, SiO, gas
molecule. The conversion rate of SIO to SIO, (k, %) is an important parameter presenting the SIO
oxidation processes.

[SO]

=———— 100, % (13
[SO]+[S0]

where [SIO] and [SiO,] are the mole fractions of the corresponding species.
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The further conversion of the precursors to nanoparticles is the homogeneous nucleation and
free-molecular coagulation. Such conversion can be realised when the silica vapour reaches high
supersaturation. The supersaturation is determined by the saturation ratio (S) which is the ratio between
the SiIO, mole fraction in the gas mixture (vapour partial pressure) and the saturated vapour pressure at
the corresponding temperature

In our modd the particle growth via freemolecular coagulation is presented by a discrete-
sectional method, described in [10]. In this method the particles are included in discrete groups
(sections), depending on their masses - m, 2°m,  2"m, where m is the mass of the precursor. The set of
equations used in the method is:

%" = I<H2_12""Q,nznz +2Coin2ZiaZs +3ChanaZin —Iicn,. 2z-Az, (19
% = —zolzhj; C,z -1z (15)

c, =(2%+ 2%)2(“22””_I J% F(mp,T) (16)

F(mp,T) = 2%3*m 7 % o7 (KT)* 17)

Here z,, z are the number concentrations of particles in groups n and | (cm®); z, is the
precursor concentration. M is the number of groups; Cy is the coagulation coefficient for the particle
groups (cm?/s); p is the mass density of the particles, (for silica particles it is taken to be 2.2 g/em?), k
is Boltzmann's constant, T is absolute temperature. The term Az, presents the variation of the particle
concentration with the variation of the volume during the cooling of the gas mixture in the reactor.

After solving the set of equations 14-17, one gets the particle size distribution function (PSDF).

3. Results and discussion

To determine the silica vaporisation temperature in both considered systems (SiO-Ar and
SiO,-Ar-C), thermodynamic calculations are made. In them the initial mole ratios of the components
correspond to that of the experiments, namely SiO:Ar=1:1.4 and SIO,:Ar:C=1:14:1. The equilibrium
contents, obtained after thermodynamic calculations, are presented in the Figs. 2 and 3.
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Fig. 2. Equilibrium content of the speciesin the vaporiser calculated for theinitial mole ratio
SO,: Ar:=1:1.4.
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Fig. 3. Equilibrium content of the species in the vaporiser, calculated for the initial mole
ratio
SIO,: Ar: C=1:14:1.

The results show that in the system without carbon, homogeneous equilibrium (without SiO,-
solid fraction in the system) is reached at the temperature of 3000 K. In the system SiO,:Ar:C=1:14:1
homogeneous equilibrium is reached at 2000 K. The observed lower value of the SiO, vaporisation
temperature is explained by the chemical reactions between silica vapour and carbon (bonding of the
oxygen) and also with the larger ratio SiO,: Ar used in this case. Theinfluence of different initial ratios
SiO.: Ar:C on the vaporisation was discussed previously [11]. It was established that large ratios SiOy:
Ar and also the use of C decrease the vaporisation temperature.

As it was mentioned above, in the flow reactor the hot gas mixture (silica vapour and plasma
gas) and cooling gas (O,) are mixed and oxidation of SiO to SIO; is carried out. The rate of SiO to
SiO, conversion plays important role in the complex processes realised in the reactor. In Fig.s4 and 5
the variation of the conversion rate (k) and the variation of the O,-amount, entering the reactor (g™ o)
are shown for the cases without and with use of carbon, respectively. It can be seen that in both cases
the SiO oxidation is finished very soon after the start of the O, mixing. The time of the complete SIO
oxidation (time when k=0) is called "oxidation time'. The time of the complete O, mixing is called
"mixing time". The comparison of these times for both cases show that they are shorter when one uses
carbon.
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Fig. 4. Evolution of the SIO conversion rate (k) and of the O, amount, introduced in the
flow reactor (g™ o), calculated for the moleratio SiO,: Ar : O, = 1:1.4:10.
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Fig. 5 Evolution of the SO conversion rate (k) and of the O, amount, introduced in the
flow reactor (g™ op), calculated for the moleratio SiO,: Ar : C: O, = 1:14:1:25.

The flow temperature and the vapour supersaturation are other important parameters. Their
variations are shown in Fig. 6.
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Fig. 6 Evolution of the temperature and the saturation ratio during the O, mixing in the flow
reactor, in thecases of: SIO,: Ar: C: O,=1:14:1:25 (T, S) and SiO,: Ar: O,=1:1.4:10
(T1, s).

In both cases an initial increasing of the temperature can be seen. This is explained by the
exothermic effect of the oxidation reactions. After the complete SIO oxidation (at t=9.084x10* s and
t=2.176x10™ s, respectively) the temperature drops with a constant rate until the end of the cooling gas
mixing (i.e. to t, = 1.229x107? s and t,=3.34x10° s, respectively).

In the case of pure silica vapour, the initial temperature increases from 3000 K to over
4700 K during the complete SiO oxidation. The saturated vapour pressure is very high in this
temperature range and the SiO, partial pressure can not reach it, so there is no opportunity for cluster
formation during the oxidation. The supersaturation is reached after the complete oxidation, long after
the start of the mixing. Three different values of supersaturation (7.6, 75 and 195) have been chosen as
initial values for the homogeneous nucleation and the free-molecular coagulation onset. Using egs. 14-
17, the corresponding particle size distribution functions (PSDFs) are calculated (see Fig. 7).
The choice of the supersaturation is arbitrary, since we do not have experimental proof of the
superaturation at which the process starts. In Fig. 7 the experimental PSDF is also shown. Asit is seen
the best agreement between the experimental and the calculated PSDFs is observed at the highest
supersaturation.
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Fig. 7. PSDFs calculated at the supersaturation: 7.6 (1), 75 (2), 195 (3); experimenta PSDF (4).
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In the case when carbon is used during the vaporisation, the initial temperature of the gas
mixture, entering in the reactor is 2000 K. At this temperature, the SiO, saturated vapour pressure is
very low, and it can be easily reached and overreached. Even the small SO, mole fraction, obtained at
the beginning of SiO oxidation is quite enough for reaching a large supersaturation. After that during
the oxidation, since the temperature increases very fast and the corresponding saturation vapour
pressure becomes very high, the saturation ratio decreases. When the oxidation is completed and the
temperature starts to decrease, the saturation ratio increases constantly. This type of variation of the
saturation ratio suggests a more complicated mechanism of nanoparicle growth, compared to those of
pure silica vapour. We could not apply free-molecular coagulation modd (egs.14-17) directly because
the vapour condensation at the very beginning of the mixing is carried out simultaneously with chemical
oxidation reactions. A new modd is needed in which the influence of the chemical source of precursors
on coagulation should be estimated. T he coalescence (fluid fusion) of the particles must be considered,
too. It is known that near to temperature 2000 K the SiO; particles can not completely fuse because of
the high viscosity of SiO, at this temperature, so the production of aggregate structures becomes
possible. We have some experimental results, proving the content of nanoparticle aggregates in a
sample which is produced with use of carbon [ 8].

4. Conclusion

The conditions for production of silica nanoparticlesin thermal arc plasma set up are discussed
for two experimental cases. It is shown that some operating parameters such as initial vapour
temperature and vapour supersaturation are important for the mechanism of particle formation and
growth, and, respectively, for the structure of the produced particles.
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